Colour parameters of European beech were measured using CIELab system. 103 logs from 87 trees in 9 sites were cut into boards to study the variations of wood colour parameters. Both site and tree effect on colour were observed. Patterns of red heartwood occurrence were defined. When excepting red heartwood there was still a highly significant effect of site and tree; differences remained after veneer processing. Axial variations were small, except very near the pith or in red heartwood, suggesting possible early selection at periphery under colour criteria. Red heartwood is darker, redder and more yellow than normal peripheral wood. 
Introduction
The colour of wood differs widely among species and also within a tree. It is an important factor for end user to consider and the price of wood is often dependent on its colour parameters [2, 3] . European beech (Fagus sylvatica L.) is a popular and major tree species distributed in the whole Europe. Its timber with beautiful grain and proper texture is widely used in sawing, veneer, decoration and furniture. In western Europe beech is appreciated for its light pinkish colour: darker wood is less valuable in general. Moreover, industrial operations using heat treatment such as steaming or hot drying are known to change beech colour by inducing a more or less pronounced reddening and darkening. Although process parameters are of the outmost importance in these phenomena, it should be interesting to know how beech wood colour is dependent on intra or inter trees, intra or between sites variations. In the present paper, the variations of colour parameters from pith to bark were studied in different trees from 9 sites under different growth conditions and management practices.
Material and Methods
Material 87 trees of European beech were taken from 9 European sites from 5 different countries (Austria, Denmark, France, Germany and Switzerland, designated by A, D, F, G and S respectively), with 9-10 trees selected per site. One log of 50cm long at the height of 4m (bottom) was cut for each tree. In addition, another log was cut at the height of 9m (top) in only 9 selected trees to compare the wood properties between top and bottom of the stem. The age of the selected trees ranges from 70 to 200, the diameter at breast height (DBH) from 51 to 85cm and the tree height from 30m to 43m (table 1) . Data for top logs are given in table 2. The "red heartwood" proportion defined as the ratio of red heart zone diameter to log diameter, is also indicated for each log.
Stands A1, D1, F1, G1 and S1 (left column in the table) belonged to a first campaign where more data were measured. These 5 stands were chosen for their similar growing condition: rather low altitude (about 500m above see level), typical high forest with rather narrow spacing. Based on the results from the first campaign, the procedure was somewhat simplified for stands A2, S2, G2 and G3 from the second campaign (right column), as will be explained later. These stands were selected to represent specific situations encountered in the various countries: mountain forest for A2 and S2, with a pronounced slope, high forest with large spacing for G2 and G3. The stand G3 contained two age classes (220-230 years and 140-160 years) and allowed very large spacing between trees, thus holding some similarities with typical French middle forests ("taillis sous futaie"). The harvesting occurred between November 1998 to February 1999 for the first campaign, between October 1999 and January 2000 for the second.
Each log was sawn into two radial boards through pith from north to south direction, labelled N and S, respectively. These boards were dried under shelter in open air during several weeks until they reach a moisture contant of 12 to 14 %, than planed. Colour measurement was performed immediatly after planing in order to ovoid any aging of the surface.
The colour parameters of boards were measured every 1 cm from pith to bark (figure 1).
Colour measurement
The measurements of colour parameters were performed in the wood physics laboratory of CIRAD with a spectrocolorimeter (Datacolor Microflash 200d) under ambient temperature and humidity from July to September 1999 (1st campaign) and in october 2000 (2nd campaign) The diameter of sensor head was 6 mm (SAV, "small area view"), the illuminant A and 10° standard observer were used as the conditions of measurement [3] . We obtained the values of the CIELAB colour system (L*, a* and b*) directly, in which L* means brightness, a* means red colour, b* means yellow colour. A larger L*, a* or b* means a lighter, redder and more yellow colour, respectively [4, 8] . Occasionally, the following colour parameters derived from L*,a*,b* will be documented:
In each pair of board the width of the red heart zone was measured; the ratio between this width and total diameter was used as an indicator of red heartwood occurrence in the log.
Results and Discussion

General results
In general, 17 to 33 points were measured along a radius according to the tree diameter. The lightness index (L*) ranged from 58.2 to 90.3, redness index (a*) from 6.2 to 18.7, yellowness index (b*) from 15.4 to 30.3, C* from 16.9 to 33.4 and H* from 50.4° to 72.5°. In figure 2 beech colour is compared to that of various hardwood species [7] : it is characterised by a high lightness L*. The mean and standard deviation obtained in the present set of data has been indicated by segments, as well as results of red hardwood beech that will be discussed later. Mean values obtained on Oriental beech (Fagus orientalis) [6] are also shown for comparison.
There is a highly significant correlation between L* and a* (L*= -2.37a*+103.8 with R² = 0.82) and a lower correlation between L* and b* (L*=-1.88b*+118.0 with R²= 0.49) or a* and b* (b*=0.80a*+12.4 with R² = 0.67, number of couples = 4548). The lighter the wood, the less red and less yellow it is. However, the scatter is considerable especially in the relation between L* and b*.
A major defect in Beech wood products is the presence of red heartwood, so it had to be characterised. This was done by observing, for each board, the variation patterns of colour parameters from pith to bark. Figure 3 shows typical patterns observed on pairs of opposite boards. Usually, there is a similar variation pattern of colour parameters from pith to bark in the north and in the south directions for the same log: either no or very few radial variations like in (a) or a pronounced change in the central portion of the stem like in (b), indicating the presence of red heart. The irregular case illustrated by (c) can be partly attributed to the eccentricity of the stem that prevented the symmetric cutting of the two boards. The two boards of (a) and the southern board of (c) are examples of "non-red heart" (NRH); whereas the two boards of (b) and the northern board of (c) will be classified as "red heart" (RH) boards.
Accounting for the Red Heartwood
To compare the colour of NRH and RH, we selected 5 successive positions near the pith, usually points 5 to 9 except in the case of red heart where we adjusted to the position of the darkest zone. The examples of selected zones are indicated by rectangles in figure 3 . It was also necessary to compare these NRH or RH to the wood close to the periphery. For each board, we selected the last 5 points (before the very last) nearest to the bark, as outer wood. These positions will be labelled as "peripheral wood" (PW). In tables 1 and 2 the logs containing red heart were indicated by a non-zero value of redheart diameter D RH . The lowest values correspond to the case of boards containing too few red heart positions to be classified as RH boards. In addition a "type of board" column indicates with "R-R" a log with two RHW boards, with "N-N" a log with two NRH boards and with "R-N" a log where both boards are of different type. Figure 4 shows the relation between the colour of PW and corresponding RH or NRH, depending on the case; each point is obtained by averaging the 5 selected positions. RH is systematically darker (9.6 +/-3.6), redder (3.9 +/-1.3) and more yellow (2.7 +/-1.7) than PW, while no obvious difference is observed between NRH and PW, except for a few boards exhibiting very low level of PW redness. The relation between colour parameters is shown in figure 5 , separating the means of PW, RH and NRH for all boards. The considerable scatter in the relationship between L* and b* and between a* and b*, are tendencies that would have been observed when considering the whole range of values. RH forms a clearly distinct group, while NRH and PW are difficult to distinguish, except for NRH being slightly redder than PW. Red heartwood appears more or less in the continuity of normal wood in each case. Variance analysis indicated that the colour difference between RH and PW is significant at the 0.1% level for all colour parameters. Between NRH and PW the difference of a* is significant at the 0.1 level, that of L* at the 5% level; that of b* is not significant even at the 5% level.
At this point, a comment can be made concerning the denomination of red heartwood. In the case of a board with red heart, this higher level of redness in the heart, a tendency already observed in normal situation, is exacerbated. However, the systematic observation of radial profiles suggested that the transition between the so-called "red heartwood" zone and the "normal" zone is often sharper with respect to lightness than to redness. Therefore, the qualification of "dark" can be as appropriate as that of "red".
Variations among trees and stands
There exist significant differences among the 9 stands and among trees in each stand. The grouping of trees or stand is not always the same depending on the chosen colour parameter. Tables 3 and 4 give, for each of the 9 stands, the values of mean and standard deviation of the five colour parameters L*, a*, b*, C* and H*. Table 3 These graph and tables evidence a highly significant stand effect (at the 0.1% level). For instance the wood from stands D1, F1, G1 and S1 appears lighter, less red and less yellow than that from stands A1, A2, S2. There is also a clear tree effect within some stands, made apparent in the figure (e.g., stands A1, S1). Table 5 presents the ANOVA.
Differences of the colour parameters among positions in the stem
The colour parameters of boards coming from the north (N) and the south (S) directions of the same log were not significantly different even at the 5% level. We also compared logs situated in the height of 4m (bottom) and 9m (top) in the stem. When only the peripheral wood values were considered, the difference between colour parameters was not significant even at the 5% level; figure 7 shows the absence of log-by-log colour differences.
Conclusion
Different variance analysis have put in evidence both a stand and a tree effect on colour variations for beech wood. At the first level this is true for the occurrence of red heartwood inside of the logs. Although the number of stands is small, it seems that stand effect is a very important parameter for red heartwood development. But stand effect in our case is a complex mixture of soil, climate, age and silviculture management. When putting aside the red heartwood there is still both a highly significant effect of stand and tree on peripheral wood colour. Besides, the differences remain very low inside one tree from bottom to top, north to south, and from outside to inside (except very near the pith or in case of red heartwood). Thus it is possible to sort or select on colour components rather easily at early stage from periphery, or from increment cores [5] . This can be used either by foresters or by industry depending on the objective.
Red heartwood is strongly darker, redder and more yellow than peripheral wood. Including or not the red heartwood there exists very strong relationships between colour components of beech wood, mainly for the couples L*/a* and a*/b*.
In order to use also beech red heartwood it seems necessary to sort it away and to use it separately because the colour differences are very high and remain high after heating. Log age: number of year rings measured on the bottom log used for the study; the total age of the tree is about 20 years more than the bottom age; DBH: Diameter at breast height, H: tree height; BH: "base" height or distance from soil to living crown; Board Type: Board considered as having Red Heartwood (R) or not (N) and (RN) have the two kinds of boards (three boards has been excluded); "board % RHW" percentage of red heartwood (RH width / board width) "-": missing age data and "*": one of the board is excluded. Log 79 was too large to be sawn. 
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